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EDITORIAL REVIEW
The maintenance of metabolic alkalosis:
Factors which decrease bicarbonate excretion
Metabolic alkalosis is a primary rise in the concentration of
bicarbonate in extracellular fluid and can be divided into two
phases: generation and maintenance. Generation requires either
the loss of acid or the addition of bicarbonate to the circulation.
Most clinical forms of the disorder are associated with the loss
of acid, either through the gastrointestinal tract (gastric alkalo-
sis is the classic example) or in the urine; the most common
example of the latter type of generation is diuretic-induced
metabolic alkalosis. Metabolic alkalosis is usually maintained
because the kidney fails to excrete the extra bicarbonate added
to the extracellular fluid compartment via the two mechanisms
just mentioned. This review is concerned with the factors that
prevent the kidney from excreting the excess bicarbonate
present in subjects with metabolic alkalosis.
Over the last decade, a consensus has emerged concerning
the factors which maintain metabolic alkalosis, that is, those
events which stimulate renal bicarbonate reabsorption. The
most important of these factors are contraction of the effective
arterial blood volume, potassium deficiency, hypochioremia,
reduced GFR, and steroid excess. New work concerning these
variables has recently emerged and justifies a re-examination of
the control of bicarbonate reabsorption with emphasis on its
relationship to metabolic alkalosis.
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arterial blood volume, potassium deficiency, hypochioremia,
reduced GFR, and steroid excess. New work concerning these
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the control of bicarbonate reabsorption with emphasis on its
relationship to metabolic alkalosis.
Renal bicarbonate reabsorption
In the l940s, Pitts and Lotspeich [I] and Pitts, Ayer, and
Schiess [21 performed the first comprehensive studies of bicar-
bonate reabsorption. They noted that, at plasma bicarbonate
concentrations below about 25 mEq/liter, bicarbonate reabsorp-
tion was complete. If bicarbonate concentration increased
above that value, bicarbonate spilled into the urine and bicar-
bonate reabsorption plateaued. Thus, a tubular maximum of
bicarbonate reabsorption was described. A maximum rate of
tubular reabsorption (Tm) for bicarbonate that was relatively
constant from one animal or human to the next required that
bicarbonate reabsorption be factored by GFR. This was neces-
sary since bicarbonate absorption was shown to vary linearly
with GFR [3]. Subsequent studies demonstrated that the rate of
bicarbonate reabsorption could be modified by alterations in
arterial Pco2, potassium concentration, and the inhibition of
carbonic anhydrase activity [4—81. The relationship between
Pco2 and bicarbonate reabsorption was direct. The correlation
between potassium concentration and bicarbonate reabsorption
was inverse. The inhibition of carbonic anhydrase activity, of
course, markedly inhibited bicarbonate transport, though more
than 50% of it remained following complete inhibition of the
enzyme.
In the 1960s, studies from the laboratory of Kassirer and
Schwartz [9, 11] and Schwartz et al [11] demonstrated that
various forms of metabolic alkalosis in both humans and
animals could be corrected by administration of either sodium
chloride or potassium chloride. Since the common ion was
chloride, these investigators postulated that chloride deficiency
resulted in a direct tubular effect. Hypochloremia, a ubiquitous
finding in metabolic alkalosis, was seen to stimulate bicarbon-
ate reabsorption by requiring that sodium be reabsorbed with
more than the usual amount of bicarbonate.
Shortly thereafter, studies in humans, dogs, and rats from our
laboratory [6, 7, 12] and from that of Purkerson Ct al [13] and
Slatopolsky et al [14] demonstrated that bicarbonate reabsorp-
tion was exquisitely sensitive to alterations in effective arterial
blood volume. The studies suggested that there were indepen-
dent effects of sodium chloride and potassium chloride on
bicarbonate transport which were not directly related to chlo-
ride itself, Since effective arterial volume contraction stimulat-
ed bicarbonate reabsorption while expansion of volume had the
reverse effect, the administration of sodium chloride was felt to
correct metabolic alkalosis by expanding volume and depress-
ing bicarbonate reabsorption. Potassium chloride administra-
tion exerts its effect on bicarbonate reabsorption in patients
with metabolic alkalosis, according to this view, because of the
direct effect of potassium on the transport of bicarbonate.
Clearance studies clearly demonstrated that, even correcting
for alterations in volume, bicarbonate reabsorption was en-
hanced in potassium-depleted subjects and depressed in potas-
sium-loaded subjects [7]. The observation that patients with
primary hyperaldosteronism have their metabolic alkalosis cor-
rected only by the administration of potassium chloride and not
by the administration of salt [11] strengthened the view that
potassium chloride and sodium chloride infusions exerted ef-
fects on bicarbonate transport through differing mechanisms
not directly related to chloride. This view was supported by the
observation that bicarbonate transport in the proximal convo-
luted tubule was sensitive to changes in perfusate sodium
concentration but unchanged by alterations in perfusate chlo-
ride [15].
More recently, studies in the salamander kidney, utilizing cell
puncture of the proximal tubule, have shown that acidifica-
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tion in this nephron segment is influenced by sodium, but
not chloride concentration [16, 17]. Thus, it appears unlikely
that chloride depletion stimulates bicarbonate transport, at
least in the proximal tubule, by any direct effect on proton
translocation.
In the last few years, a series of studies from a number of
laboratories have provided important new information relevant
to the factors which mediate the response of the kidney to
alterations in volume and which necessitate reassessment of the
means whereby volume contraction maintains metabolic
alkalosis.
Effect of volume on bicarbonate reabsorption
Cogan et al [18] demonstrated that the change in fractional
bicarbonate reabsorption induced by volume expansion in the
superficial proximal tubule in rats with normal acid-base status
and in animals with metabolic acidosis was all secondary to
alterations in filtered bicarbonate. Bicarbonate reabsorption in
this nephron segment bore a constant relationship to filtered
load. No inhibitory effect of volume expansion on proximal
bicarbonate reabsorption, independent of changes in filtered
bicarbonate, was discerned.
Studies by Chan, Biagi, and Giebisch [19] using the technique
of in vivo microperfusion yielded results consistent with the
notion that filtered load was the prime determinant of bicarbon-
ate transport in the proximal tubule. They further demonstrated
that bicarbonate reabsorption in the proximal tubule at any one
level of perfused load was depressed when the pH was in-
creased. When the pH was held constant, increasing the
bicarbonate concentration of the perfusate resulted in an in-
crease in bicarbonate absorption at any one load of bicarbonate.
These data, thus, demonstrate that alkalemia tends to depress
bicarbonate transport in the proximal tubule, while the pres-
ence of a favorable bicarbonate gradient across the tubule
enhances the transport of the anion.
Using the isolated perfused rabbit proximal tubule, Sasaki,
Berry, and Rector [20] achieved similar results. A favorable
bicarbonate concentration gradient from lumen to bath stimu-
lated bicarbonate absorption, while increased bath pH sup-
pressed transport. In summary, these results indicate that
proximal tubule bicarbonate transport is highly dependent on
filtered load. They further demonstrate that, at any one filtered
load, bicarbonate reabsorption can be modified by the presence
or absence of favorable concentration gradient and by changes
in extracellular pH. Studies are not available which allow us to
conclude with certainty how extracellular pH modulates bicar-
bonate transport, but the most likely explanation is that changes
in extracellular pH are reflected by similar changes in intracel-
lular pH which increase or decrease availability of protons for
secretion.
Using clearance techniques, Langberg et al [21] obtained
results consistent with those just described in the isolated
proximal tubule. These investigators demonstrated that
changes in arterial Pco2 had no effect on bicarbonate reabsorp-
tion in the whole kidney provided pH was held constant. The
relationship of bicarbonate reabsorption to filtered load was the
same regardless of the Pco2. On the other hand, when the pH
was allowed to change, bicarbonate reabsorption at any one
filtered load was significantly greater in animals with a lower
pH than in animals with pH values 0.3 pH units higher. Thus,
the whole animal in these studies seemed to behave in a fashion
comparable to that observed in the proximal tubule.
While it is tempting to invoke changes in the filtered load of
bicarbonate as the mechanism whereby changes in volume
effect alterations in bicarbonate excretion, there remain contra-
dictory data. In 1970, Cohen [22] demonstrated that metabolic
alkalosis could be corrected by the infusion of isometric solu-
tions to dogs with aortic constriction. Metabolic alkalosis in
these animals was corrected following this maneuver without
any change in the filtered load. Furthermore, re-analysis of old
data from our laboratory, also using the dog as the experimental
animal, has shown numerous circumstances in which volume
expansion depressed bicarbonate reabsorption without changes
in filtered load [7]. In these studies, there was also no change in
pH.
In sharp contradistinction to these older studies of metabolic
alkalosis is a new study in the rat by Cogan and Liu [23]. These
investigators induced chronic hypokalemic metabolic alkalosis
by administering an electrolyte-deficient diet supplemented
with sodium sulfate, They also added sodium bicarbonate to the
drinking water and injected the animals with desoxycorticoster-
one acetate. These alkalotic animals had a marked reduction in
single nephron GFR which resulted in an unchanged filtered
load of bicarbonate. That is to say, GFR went down and plasma
bicarbonate concentration went up, so that the product of the
two was unchanged in control and alkalotic animals. Similarly,
absolute proximal bicarbonate absorption in alkalotic animals
was the same as in controls, despite the higher luminal bicar-
bonate concentration, contracted extracellular volume, and
potassium depletion. When single nephron GFR was increased
by volume expansion, absolute proximal bicarbonate reabsorp-
tion did not change, so that bicarbonaturia ensued in concert
with the increase in filtered bicarbonate. Furthermore, animals
were studied before and after the induction of metabolic alkalo-
sis associated with varying amounts of potassium depletion and
volume contraction. In all cases, the rise of blood bicarbonate
concentration was inversely proportional to the reduction in
GFR, so that filtered bicarbonate remained unchanged. Thus, in
this model, a reduction in GFR is seen as the critical event
preventing the excretion of bicarbonate, allowing elevated
plasma bicarbonate concentration to be maintained.
The rat and the dog appear to differ regarding the mechanism
whereby changes in volume depress bicarbonate reabsorption
in alkalotic animals and thus correct the alkalosis. A decrease in
GFR seems to be the critical event in maintaining metabolic
alkalosis in the rat [23, 24], while volume seems to affect
bicarbonate transport through mechanisms independent of
changes in filtered load in the alkalotic dog [22]. Studies in
humans are necessary to determine what role changes in
effective arterial volume play on bicarbonate transport, inde-
pendent of alterations in the filtered load.
Passive reabsorption
Alpern, Cogan, and Rector [25] demonstrated in the rat that
the net flux of total carbon dioxide in the proximal tubule was a
function of mean luminal carbon dioxide concentration. They
further demonstrated a significant component of passive bicar-
bonate absorption measured in the presence of acetazolamide.
This passive component became prominent at luminal bicarbon-
ate concentrations in excess of 35 mEq/liter. Thus, under
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conditions where proximal tubule bicarbonate concentration
rises to values in excess of those of blood, large amounts of
bicarbonate may passively be returned to the blood. It is
conceivable that passive bicarbonate absorption might contrib-
ute to the maintenance of metabolic alkalosis. The studies of
Cogan and Liu [231, however, fail to show proximal tubule
bicarbonate concentrations sufficiently high to allow for any
significant amount of passive backflux of bicarbonate. Whether
such concentrations may be reached in other models or clinical-
ly is not known.
Role of potassium
In the l950s, studies from Pitts' laboratory demonstrated an
inverse relationship between bicarbonate reabsorption and
plasma potassium concentration 151. Studies from our labora-
tory demonstrated that, when volume was contracted, bicar-
bonate reabsorption was indistinguishable from that of control
animals in both potassium-loaded and potassium-depleted dogs
[7]. When volume was expanded, however, bicarbonate reab-
sorption was greater in potassium-depleted animals than it was
in normal ones. Bicarbonate absorption in the controls, in turn,
was greater than in the potassium-loaded animals. This effect
was not due to differences in filtered load. More recently, Chan,
Biagi, and Giebisch [19] demonstrated that protracted potassi-
um depletion in the rat resulted in an increase in proximal
tubule bicarbonate absorption independent of changes in load.
There are, however, several micropuncture studies which did
not demonstrate any change in proximal acidification in potassi-
um-depleted animals as compared to normokalemic controls
[26, 27].
Because there is no doubt that potassium administration
corrects many forms of metabolic alkalosis, and because incon-
sistencies exist pertaining to potassium depletion effects on
proximal tubular acidification, an additional mechanism where-
by potassium depletion may perpetuate metabolic alkalosis
should be invoked. The original postulate which linked potassi-
um depletion to the maintenance of metabolic alkalosis cen-
tered around the effect of potassium depletion to decrease
intracellular pH [281. An increase in intracellular proton con-
centration would favor hydrogen ion secretion and thus in-
crease bicarbonate reabsorption. Numerous studies in both the
rat and the dog have demonstrated that potassium depletion is
associated with a reduction in GFR [29—321. Recently, Linas
and Dickman [33] demonstrated that potassium depletion in the
rat resulted in a marked decrease in renal plasma flow. This
hemodynamic effect of potassium depletion was shown to be
the result of increased vasoconstriction within the kidney
secondary to activation of angiotensin II and thromboxane. The
study of Cogan and Liu [23] clearly demonstrates a reduction in
GFR associated with hypokalemic metabolic alkalosis. Thus,
hypokalemia may be seen as maintaining metabolic alkalosis
not only by its tendency to increase bicarbonate transport
directly, but also by a hemodynamic effect which reduces
filtered bicarbonate. Reduction of filtered bicarbonate in the
face of an elevated plasma concentration presents the kidney
with the same filtered load it experiences under ordinary
conditions, thus bicarbonate is not excreted into the urine. The
relative importance of these two mechanisms in the mainte-
nance of metabolic alkalosis in humans has yet to be examined.
Chloride depletion
The work of Galla, Bonduris, and Luke [34—361 suggests that
chloride depletion per se may yet play a role in the maintenance
of metabolic alkalosis, albeit through a different mechanism
than originally supposed. These investigators presented data
which we interpret to indicate a hemodynamic role for chloride
depletion in the maintenance of metabolic alkalosis. Hypochior-
ernie metabolic alkalosis was induced in the rat using peritoneal
dialysis. There was no discernable change in effective arterial
blood volume. Provision of chloride as either sodium or choline
chloride resulted in complete correction of the alkalosis, despite
weight loss.
The likely explanation for this effect of chloride is as follows.
Hypochioremia without any alteration in volume results in the
stimulation of renal renin release [37, 38]. This increase in renin
release is associated with a decrease in GFR. The decrease in
GFR when associated with an elevated plasma bicarbonate
concentration prevents the filtered load of bicarbonate from
exceeding the capacity of proximal tubule to reabsorb it. Thus,
hypochioremia may decrease bicarbonate in subjects with met-
abolic alkalosis by changes in filtered load as discussed above
for volume and potassium depletion.
Mineralocorticoid
Aldosterone has long been known to play a role in the
maintenance of metabolic alkalosis [39—42]. Animals with ste-
roid-induced metabolic alkalosis that are not salt-restricted do
not maintain the alkalosis if steroid intake is reduced to
physiologic levels [42]. Recent studies using the in vitro per-
fused collecting tubule of the rabbit have examined the role of
aldosterone on acidification [43]. They showed, as have studies
from our laboratory [44], that the baseline rate of hydrogen ion
secretion is considerably greater in the medullary collecting
tubule than it is in the cortical collecting tubule. Hydrogen ion
secretion in the cortical tubule is sodium-dependent, whereas
that in the medullary tubule is not [45]. Aldosterone influences
hydrogen ion secretion in the cortex through its effect on
sodium transport [46]. Sodium transport creates a lumen-
negative potential difference which favors proton secretion. In
the medullary tubule, active sodium transport is absent [47].
The potential difference in this nephron segment is lumen
positive. Aldosterone also increases hydrogen ion secretion in
this site. Electrical neutrality is apparently maintained in this
circumstance by the passive movement of chloride from serosa
to mucosa [48].
While aldosterone-dependent hydrogen ion secretion in the
medullary collecting tubule is of greater magnitude than in the
cortex, its role in overall acidification is difficult to determine at
present. If the medullary collecting tubule were the dominant
site of acidification, then circumstances in which aldosterone is
present in large amounts and in which the tubular urine in the
medulla has a low chloride concentration should result in a
marked acceleration of renal acid excretion. In fact, the oppo-
site prevails. Patients with primary aldosteronism do not devel-
op metabolic alkalosis if salt is removed from their diet [39, 49].
This observation suggests that a large distal delivery of sodium
under conditions of aldosterone excess results in accelerated
sodium-hydrogen exchange, a process that presumably takes
place in the cortical collecting tubule. An alternative explana-
tion might be that hydrogen ion secretion in the medullary
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Table 1. Factors which may maintain metabolic alkalosis by
decreasing bicarbonate excretion
(1) Decreased GFR (prevents elevated plasma bicarbonate concentra-
tion from exceeding Tm, that is, fractional bicarbonate reabsorp-
tion increases)
(2) Volume contraction (stimulated tubular reabsorption of bicarbon-
ate)
(3) Hypokalemia
Decreased GFR
Increased tubular reabsorption
(4) Decreased chloride
Decreased GFR
Decreased distal delivery of chloride leads to increased H+
secretion in the medullary collecting tubule
(5) Passive bicarbonate backflux
(6) Aldosterone
Increased cortical collecting tubule sodium-dependent H+
secretion
Increased medullary collecting tubule sodium-independent
11+ secretion
tubule is flow-dependent. If such were the case, then salt
restriction might result in a diminution in the flow rate in the
medullary tubule with a consequent decrease in acidification.
Another observation that is difficult to fit into models which
require that aldosterone excess stimulates hydrogen ion secre-
tion through a sodium-independent process in the medullary
collecting tubule is that potassium repletion in such models
corrects metabolic alkalosis in the face of continued steroid
excess [42]. It is difficult to see how potassium repletion would
influence medullary hydrogen ion secretion. Alternatively, po-
tassium repletion might decrease acidification in the cortical
collecting tubule or might result in an increase in filtered
bicarbonate and decrease proximal tubule bicarbonate trans-
port, flooding the distal nephron with the anion and overwhelm-
ing the acidification process in this segment of the tubule.
Additional work is needed to integrate sodium-independent,
aldosterone-dependent medullary hydrogen ion secretion into
an overall scheme of renal acidification with special emphasis
on its role in the maintenance state of metabolic alkalosis.
Factors which maintain metabolic alkalosis (Table 1)
The preceding information suggests that there are multiple
factors which may play a role in the maintenance of metabolic
alkalosis. The first of these is GFR which is reduced in most
patients with metabolic alkalosis, and indeed perhaps all. This
reduction in GFR prevents the rise in plasma bicarbonate
concentration which occurs in metabolic alkalosis from result-
ing in an increase in filtered bicarbonate. Thus, although the
plasma concentration is elevated, the kidney may perceive the
same or perhaps less filtered bicarbonate than was present
under normal acid-base conditions. Consequently, bicarbonate
excretion remains unchanged and the elevated plasma bicar-
bonate concentration is maintained. As mentioned above, it is
still possible that there is an additional effect of volume contrac-
tion to stimulate tubular bicarbonate absorption independent of
filtered load.
The second major factor to be considered is hypokalemia.
The evidence now available suggests tha hypokalemia perpetu-
ates metabolic alkalosis by reducing the filtered load of bicar-
bonate secondary to a reduction in GFR produced by increased
renal vascular resistance [29, 32]. Furthermore, tubular bicar-
bonate transport is likely directly stimulated by potassium
depletion [7, 19]. This stimulation is most likely the result of
intracellular acidosis.
Third, an indirect role for hypochloremia now seems likely in
the maintenance of metabolic alkalosis [34—38], Hypochlore-
mia, independent of volume contraction, stimulates renin re-
lease resulting in a decrease in GFR. This decrease in GFR
decreases filtered bicarbonate and decreases bicarbonate excre-
tion, as mentioned above. Furthermore, there may be a role for
decreased concentration of chloride in the more terminal por-
tions of the nephron [481. If sodium-independent hydrogen ion
secretion is favored by a low urinary chloride concentration in
the medullary collecting tubule, then chloride depletion may
further accelerate acid excretion and serve to elevate or main-
tain an elevated bicarbonate concentration.
There may be a role for passive bicarbonate backflux subject
to metabolic alkalosis [25]. The proximal tubular bicarbonate
concentration adjacent to the glomerulus in subjects with
metabolic alkalosis (relative to normals) is increased. Further-
more, the alkalemia, all other things being equal, will tend to
decrease hydrogen ion secretion [19—21]. Thus, the increase in
salt and water reabsorption which occurs in volume-contracted
subjects with metabolic alkalosis, combined with a decrease in
hydrogen ion secretion, will result in an increase in bicarbonate
concentration as the urine traverses the proximal tubule. This
increase in bicarbonate concentration in the proximal tubular
urine might exceed the concentration in blood and result in the
passive backflux of bicarbonate from tubule to the blood. This
phenomenon would further serve to maintain the elevated
plasma bicarbonate concentration seen in such subjects. Cogan
and Liu [23], in their micropuncture study of metabolic alkalo-
sis in the rat, did not observe a sufficiently high proximal
tubular bicarbonate concentration to result in significant pas-
sive backflux of bicarbonate. Other models of metabolic alkalo-
sis may be associated with end proximal tubule bicarbonate
concentration sufficiently high to allow passive backflux,
Finally, aldosterone increases acidification in the collecting
tubule. In the cortical segment this effect is secondary to steroid
stimulation of sodium transport, while in the medullary collect-
ing tubule the effect is on proton secretion per se.
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